The positive allosteric adenosine receptor modulator, T62 (2-amino-3-(4-chlorobenzoyl)-5,6,7,8-tetrahydrobenzothiophene), has been shown to reduce mechanical allodynia in a rat model of neuropathic pain. However, whether chronic oral T62 retains efficacy in this pain model has not been examined. Therefore, the authors studied antiallodynic effects of chronic oral T62 in spinal nerved-ligated rats, as well as motor and sedative behavioral effects.
CHRONIC pain from various etiologies, including inflammation or neural destruction, is often resistant to treatment with simple analgesics or traditional agents, including opioids. 1 Neuropathic pain, accompanied by hypersensitivity to mechanical or thermal stimuli, is often difficult to treat. 2 Because of this relative lack of response to current analgesics, neuropathic pain associated with hyperalgesia and allodynia represents an unmet medical need. Among several novel approaches that seem promising in relief of neuropathic pain, adenosine receptor agonists have attracted considerable attention. 3, 4 Although adenosine agonists were shown to attenuate pain behaviors in a variety of animal models, adenosine agonists are also implicated in the regulation of many physiologic processes, especially cardiovascular and neurologic, which either reduce the activity of excitable tissues (e.g., by slowing heart rate) or increase the delivery of metabolic substrates (e.g., inducing vasodilation). These multiple physiologic functions controlled by adenosine receptors result in some undesirable side effects from direct adenosine receptor agonists, including headache, nausea, 5 motor weakness, 6, 7 chest pain, and atrioventricular block, 8 which limit their clinical application. To avoid these undesirable effects, indirect approaches, such as allosteric adenosine receptor modulation or inhibition of adenosine kinase 9, 10 or adenosine deaminase, 11 have been examined and show antinociceptive effects in neuropathic rats. Among these indirect approaches, allosteric adenosine receptor modulation represents a novel drug development direction to potentiate A1 receptor function and agonist binding via a conformation change. 12, 13 An adenosine receptor modulator, T62, belonging to a group of thiophene compounds first described a decade ago, 14 has been shown to reduce mechanical allodynia in spinal nerve-injured rats after oral, parenteral, or intrathecal application. 15, 16 However, sustained efficacy and the presence of side effects after chronic oral administration of T62 have not been examined.
The purpose of the current study was to evaluate the effect of chronic oral T62 on mechanical allodynia as well as on sedation and motor behavior in rats after spinal nerve ligation (SNL). In addition, adenosine A1 receptor regulation after chronic oral T62 administration was examined.
Materials and Methods

Spinal Nerve Ligation
After approval by the Animal Care and Use Committee (Wake Forest University School of Medicine, Winston-Salem, North Carolina), male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 180 -200 g underwent SNL under halothane anesthesia as previously described. 17 The left L5 and L6 spinal nerves were isolated adjacent to the vertebral column and tightly ligated with 6-0 silk sutures distal to the dorsal root ganglion. After surgery, animals were housed individually, with free access to food and water, and were allowed to recover for at least 2 weeks. Left paw tactile allodynia was confirmed at this time by measuring the hind paw withdrawal threshold in response to application of von Frey filaments, using an up-down method previously described. 18 Withdrawal threshold was determined in all animals 1-3 days before SNL, and this value was considered to be their normal threshold thereafter. Only animals with a withdrawal threshold less than 4 g after SNL surgery were used. Rats showing neurologic deficits were immediately killed by an overdose of pentobarbital. In some rats, an intrathecal catheter was inserted as previously described 19 under halothane anesthesia by insertion of PE-10 tubing through a small hole in the cisterna magnum and directed caudal 8 cm such that the tip lies in the intrathecal space at the lumbar enlargement. Rats showing neurologic deficits were immediately killed by an overdose of pentobarbital; the other animals were allowed to recover for 4 or 5 days before drug testing.
Oral T62 Treatment at 100 mg/kg Two groups of SNL rats were prepared according to the procedure mentioned in the section Spinal Nerve Ligation. After the development of allodynia from SNL surgery, the first group of 14 rats received 100 mg/kg oral T62 daily through an oral gavage needle for 4 weeks. T62 was dissolved in vegetable oil at a concentration of 25 mg/ml, with an injection volume of 4 ml/kg. The second group of 8 rats received 4 ml/kg oral vegetable oil daily as control for 4 weeks. Withdrawal thresholds were determined before and 1, 2, and 3 h after oral injection daily for the first 5 days and then once a week for 3 more weeks. Rat weights were recorded daily for 4 weeks. Sedation scores (Ϫ1/0), reflex placing scores (2/1/0), and ambulation scores (2/1/0) as previously described 20 were also recorded before and 1, 2, and 3 h after injection daily for the first 5 days and then once a week for 3 more weeks.
All animals were killed after 4 weeks of treatment with oral T62 or vegetable oil, and spinal cord tissue was collected for [ 3 H]8-cyclopentyl-1,3-dipropylxanthine ([ 3 H]DPCPX) radioligand binding assay. Withdrawal threshold data are presented as mean Ϯ SEM and were analyzed by two-way analysis of variance followed by Fisher protected least significant difference test. 21 P Ͻ 0.05 was considered significant.
Oral T62 Treatment at 50 mg/kg A group of 13 SNL rats was prepared according to the procedure mentioned in the section Spinal Nerve Ligation. Among them, 11 SNL rats received daily treatment with 50 mg/kg oral T62. Withdrawal thresholds were determined daily over a 5-day period.
Intrathecal Adenosine Effects in Oral T62-treated Rats
Two groups of four SNL rats with intrathecal catheters were prepared according to the procedure mentioned in the section of SNL. One group of four rats was treated with 50 mg/kg oral T62 daily for 5 days, and the other group was treated daily with the same volume of oral vegetable oil as control. On the sixth day, both groups of rats were treated with 10 g intrathecal adenosine in a volume of 10 l followed by 10 l saline to clear the catheter dead space. Hind paw withdrawal threshold was recorded before; 30, 60, 90, 120, 150, 180, 210, 240, 270, and 300 min after; and 20 h after adenosine administration.
[ 3 H]DPCPX Membrane Binding
Examination of A1 receptor density in spinal cord was performed with radioligand binding, using [ 3 H]DPCPX (New England Nuclear Corp., Boston, MA). Preliminary experiments were performed to optimize binding conditions for pH, buffer components, adenosine deaminase concentration, time, temperature, and protein concentration. Spinal cord from rats from each group was quickly collected after euthanasia and stored at Ϫ80°C until use. Spinal cords from two or three animals per group were prepared together. All tissue was stored for 2-4 weeks. Tissue was thawed, quickly chopped, and then suspended in Tris buffer (170 mM, pH 7.4). Tissue was homogenized and then disrupted by sonication (5-7 s). The suspension was centrifuged at 3,000 rpm at 4°C for 15 min. The supernatant was then centrifuged at 23,000 rpm for 30 -40 min at 4°C. The pellet was resuspended again in the same Tris buffer and disrupted by sonication for 5 s.
Radioligand binding experiments were performed with 250-l aliquots of tissue in a final incubation volume of 1 ml together with 1 U adenosine deaminase and increasing concentrations of [ 3 H]DPCPX (90 pM-7 nM). Nonspecific binding was defined in the presence of 100 M adenosine. Tissues were incubated at room temperature for 1 h and then terminated by vacuum filtration over GF/B filters on a cell harvester (Brandel, Gaithersburg, MD) with three washes of 4 ml cold 170 mM Tris buffer. All experiments were performed in duplicate. Protein concentrations were determined by the method of Bradford. 22 Radioactivity binding was quantified by immersion of filters in 10 ml scintillation fluid counted in a scintillation counter. Maximum binding (Bmax) and binding dissociation constant (Kd) values were calculated by nonlinear regression using GraphPad Prism (GraphPad, San Diego, CA), and best-fit values were compared with a t test. 
Results
Antinociceptive Effects of Chronic Oral T62
Before surgery, the average withdrawal threshold for these animals is around 18.5 g. After SNL surgery, the withdrawal threshold is decreased to an average of 2.5 g. During the 4-week treatment period, oral T62 increased the withdrawal threshold for 3 h after administration on day 1 of treatment, but this effect was lost by 60% in most possible effects (1 h after injection) on the fifth day ( fig. 1A ). Oral vegetable oil did not affect withdrawal threshold ( fig. 1B) . A smaller dose of T62 (50 mg/kg) exhibited a small but statistically significant increase in withdrawal threshold 1 h after T62 administration on day 1 of treatment, but tolerance also developed to this dose within 5 days ( fig. 2 ).
General Behavioral Observations on Chronic Oral T62
Animals receiving oral T62 at the 100 mg/kg dose appeared normal, and animals in both the T62 and con-
Fig. 1. Time course of hind paw withdrawal threshold over time after administration of (A) chronic oral T62 at 100-mg/kg dose and (B) chronic oral vegetable oil. Each value represents the mean ؎ SE. * P < 0.01, two-way repeated-measures analysis of variance (Fisher protected least significant difference [PLSD] method) for drug effect against baseline in each study day (n ‫؍‬ 12-14). # P < 0.01, two-way analysis of variance (Fisher PLSD method) for drug effect against other test days (n ‫؍‬ 8).
Fig. 3. Time course of weight gain after administration of chronic oral T62 at 100-mg/kg dose or chronic vegetable oil.
Each value represents the mean ؎ SE (n ‫؍‬ 12 for oral T62treated rats, n ‫؍‬ 7 for oral oil-treated rats).
Fig. 2. Time course of hind paw withdrawal threshold over time after administration of chronic oral T62 at 50-mg/kg dose. Each value represents the mean ؎ SE of 13 rats. * P < 0.01, two-way repeated-measures analysis of variance (Fisher protected least significant difference method) for drug effect against baseline in each study day.
trol groups gained weight during the 4-week study in a similar growth pattern ( fig. 3 ). They had a transient weight loss, which may have been because their food intake was affected by the vehicle, vegetable oil.
In addition, oral T62 produced behavioral sedation for 3 h on the first day of the treatment, and this effect was less pronounced with chronic dosing (table 1). In contrast, oral T62 had no effect on reflex placing or ambulation behavior at any observation time (tables 2 and 3). Vegetable oil had no effect on any of these measures.
[ 3 H]DPCPX Radioligand Binding
The effect of chronic T62 treatment on spinal adenosine A1 receptor was demonstrated by [ 3 H]DPCPX ra-dioligand binding. When rats were treated with 100 mg/kg for 4 weeks, the Bmax for [ 3 H]DPCPX was decreased by a small but statistically significant amount, from 561 Ϯ 20 fmol/mg protein in control rats to 512 Ϯ 11 fmol/mg protein in chronic T62-treated rats (P Ͻ 0.05; fig. 4 ).
Antiallodynic Effects of Intrathecal Adenosine in Oral T62-treated Rats
Although 50 mg/kg T62 for 5 days resulted in a loss of its antiallodynic effect, intrathecal adenosine alleviated mechanical allodynia due to the SNL injury similarly in rats treated chronically with oral oil or T62 ( fig. 5 ). Time after Treatment   Day   1  2  3  4  5  13  20  27 Oral 
Table 1. Sedation Scores (؊1/0) in: Oral T62 (100 mg/kg)-treated Rats and Oral Oil-treated Rats
Discussion
The current study shows that oral T62 reduces mechanical allodynia in rats with nerve injury, consistent with our previous observations. 15, 16 There is rapid tolerance to T62 with chronic administration, associated with a decrease in spinal cord adenosine A1 receptor number but, paradoxically, not of the acute effect from intrathecal adenosine.
The A1 receptor is primarily coupled to the Gi/o class of G proteins. Chronic activation of A1 receptors has been tested in different pain models. Tolerance does not occur to acute noxious heat stimuli in normal animals 23 or to mechanical stimuli in SNL rats 24 after chronic administration of adenosine kinase inhibitors for 5 days, nor does intrathecal adenosine lose its efficacy to treat tactile allodynia in a patient with degenerative neurometabolic disorder. 25 However, intrathecal R-phenylisopropyl-adenosine loses its efficacy to treat hypersensitivity to mechanical and thermal stimuli in a rat model of central pain after ischemic spinal cord injury 26 and to prolong latency to noxious heat in the tail-flick test in normal mice. 27, 28 Traditionally, drug tolerance is considered to come from either receptor desensitization or receptor downregulation. A previous study suggested that A1 receptor desensitization might be a factor in the tolerance after chronic exposure to A1 receptor agonists. 29 However, the current study indicates that intrathecal adenosine had a similar effect in control and T62-treated rats after 5 days' exposure to T62, suggesting receptor desensitization is unlikely.
Chronic exposure of receptors to their agonists often alters receptor expression, although not always in the same fashion. For example, the receptor number is down-regulated with chronic exposure to opioid agonists 30 but is up-regulated with chronic exposure to nicotinic acetylcholine receptor agonists. 31 Chronic intrathecal R-phenylisopropyl-adenosine exposure does not change A1 receptor expression in the mouse brain. 27 The effect of allosteric modulators depends on many factors, including endogenous agonist activity. Longterm exposure of PD 81,723, a well-studied A1 receptor modulator, down-regulates A1 receptors to a small degree. 32 Similarly, T62 in the current study down-regulated the A1 receptor number by 10%. This minor downregulation could result in reduced efficacy of this modulator if endogenously released adenosine remains constant but could allow for a near-full effect of maximum receptor stimulation after exogenous, intrathecal administration of adenosine.
In summary, as with other G protein-coupled receptor analgesics (opioids, ␣ 2 -adrenergic agonists), the current study shows a clear tolerance to the effects of T62 with chronic oral treatment, at least partially due to receptor down-regulation. 
